Floral nectar spurs are widely considered to influence pollinator behaviour in orchids. Spurs of 21 orchid species selected from within four molecularly circumscribed clades of subtribe Orchidinae (based on Platanthera s.l., Gymnadenia-Dactylorhiza s.l., Anacamptis s.l., Orchis s.s.) were examined under light and scanning electron microscopes in order to estimate correlations between nectar production (categorized as absent, trace, reservoir), interior epidermal papillae (categorized as absent, short, medium, long) and epidermal cell striations (categorized as apparently absent, weak, moderate, strong). Closely related congeneric species scored similarly, but more divergent species showed less evidence of phylogenetic constraints. Nectar secretion was negatively correlated with striations and positively correlated with papillae, which were especially frequent and large in species producing substantial reservoirs of nectar. We speculate that the primary function of the papillae is conserving energy through nectar resorption and explain the presence of large papillae in a minority of deceit-pollinated species by arguing that the papillae improve pollination because they are a tactile expectation of pollinating insects. In contrast, the prominence of striations may be a 'spandrel', simply reflecting the thickness of the overlying cuticle. Developmentally, the spur is an invagination of the labellum; it is primarily vascularized by a single 'U'-shaped primary strand, with smaller strands present in some species. Several suggestions are made for developing further, more targeted research programmes.
INTRODUCTION
Orchids have long been used as models of adaptation of flowers to particular groups of pollinators. The most common pollinators are insects, typically attracted to the flower by the expectation of a nectar reward, and some authors have argued (probably incorrectly) that nectar production is the plesiomorphic condition for the family (e.g. Benzing, 1987; Dafni, 1987; van der Cingel, 1995) . Darwin (1877) emphasized the significance of food rewards, repeatedly rejecting Müller's (1868) argument that some orchids deceive insects into collecting pollen masses rather than providing them with a nectar reward. More recent studies have demonstrated conclusively that deceit pollination is frequent among orchids, characterizing at least a third of all species (van der Pijl & Dodson, 1966; van der Cingel, 1995; Neiland & Wilcock, 1998; Schiestl, 2005; Tremblay et al., 2005; Cozzolino & Scopece, 2008; Claessens & Kleynen, 2009) . Most examples of deceit fall into two distinct categories. Some orchids indulge in sexual deceit, in which naïve males attempt to mate with flowers (e.g. Paulus, 2006; Devey et al., 2008; , and the more common form of deceit, food deceit, when the orchid promises, but fails to deliver, a nectar reward (Scopece et al., 2007; Schlüter & Schiestl, 2008 ). Yet other orchids have shifted their breeding system, preferring instead the genetic impoverishment that inevitably accompanies autogamy and/or apomixis (e.g. Hollingsworth et al., 2006) . Some studies of these four contrasting pollination syndromes (nectarifery, food deceit, sexual deceit, autogomy/apomixis) have gathered detailed observations on specific case studies in attempts to understand their physiological and ecological consequences (e.g. Gigord, Macnair & Smithson, 2001; Maad & Alexandersson, 2004; Little, Dieringer & Romano, 2005) , whereas others have pursued broad-brush surveys of related taxa Scopece et al., 2007; Cozzolino & Scopece, 2008) , increasingly guided by molecular phylogenetic studies. The most intensively studied tribe has been Orchideae Dressler & Dodson, which reaches its maximum diversity in the Mediterranean-climate biomes of southern Europe, Australia and South Africa. Here, we have used a well-sampled molecular phylogenetic survey of Orchideae subtribe Orchidinae Dressler & Dodson (Bateman et al., 2003; Bateman, 2009a) as a guide to selecting several closely related species of nectar-rewarding and food-deceptive species from the northern hemisphere for morphological comparison.
Our primary objective was to compare the micromorphology of mature specimens of the single tubular spur that forms as an invagination of the labellum close to its junction with other organs (Rudall & Bateman, 2002; Box et al., 2008 ; see also Golz, Keck & Hudson, 2002) . Except for the closely related genera Serapias L. and Ophrys L., spurs occur in the flowers of every species of Orchidinae (albeit reduced to a near-vestigial condition in a few phylogenetically scattered species: Rudall & Bateman, 2002; Bateman et al., 2003; Box et al., 2008) (Fig. 1) . The nectarproducing tissue within the spur is the abaxial (internal) epidermis, which is typically cuticularized and encloses a vascularized parenchyma (Fahn, 1979; Stpiczynska, 2003b) . Thus, the spur is of particular interest as it is widely regarded as playing a key role in guiding the behaviour of potential pollinators once they have made physical contact with the orchid flower and has therefore been implicated as a major cause of the species richness of the family (e.g. Rudall & Bateman, 2002; Box et al., 2008) . In developing this project, we sought to identify and attempt to explain any correlations between micromorphological features of the internal epidermis of the spur, visualized using both the light and scanning electron microscopes, and the presence and amount of nectar in the spur (Bell, 2006) .
MATERIAL AND METHODS
Four major clades of Orchidinae in the nuclear ribosomal DNA (nrDNA) internal transcribed spacer (ITS) phylogenetic analysis of Bateman et al. (2003) were selected for study and between four and seven species were examined in each of clades A-D (Fig. 2 , Table 1 ). All four of these clades contain both nectariferous and nectarless species, although only nectarless species from clade D were studied here [Orchis anthropophora (L.) All. was not examined: Fig. 2D ]. The majority of the study species, including all species in clades C (Anacamptis Rich. s.l.) and D (Orchis L. s.s.), were examined specifically for this project by Bell (2006) , the materials being drawn from the spirit collection at the Royal Botanic Gardens, Kew (K): details of the specimens are given in the Supporting Information (Appendix S1).
Bell's (2006) study of group B (Gymnadenia R.Br.-Dactylorhiza Neck. ex Nevski) overlapped in species sampling with a detailed examination of floral ontogeny of five of the species by Box et al. (2008) , allowing cross-referencing of observations between the two projects. Group A (the Platanthera Rich. clade) was scored for the requisite characters by pooling data from several recent combined molecular and morphological studies performed by Bateman and colleagues on the constituent genera of the group: Pseudorchis Ség. (Bateman, Rudall & James, 2006) , Neolindleya Kraenzl. (Efimov, Lauri & Bateman, 2009) , Galearis Raf. (present study) and Platanthera s.l. (Bateman, James & Rudall, 2009 ; see also Stpiczynska, 2003a, b) . We were also able to compare our observations on Gymnadenia s.s. with those of Stpiczynska and colleagues (Stpiczynska & Matusiewicz, 2001; Stpiczynska, 2001 ).
Two accessions were examined for most study species and two flowers were excised from each inflorescence. Accessions had been stored in Kew Mix [53% industrial methylated spirit (98/99% total alcohols): 37% water: 5% formaldehyde solution (38%w/ w): 5% glycerol]. Flowers were given successive 1-h immersions in 70%, 80%, 90% and 100% ethanol prior to mounting.
Specimens for light microscopy (LM) underwent nine rinses from 100% ethanol to 100% histoclear in a tissue processor, before being embedded in paraplast at 62°C for 3 weeks. Transverse sections of each spur were cut to 14 mm thickness in a rotary microtome, attached to glass slides using Haupt's adhesive, stained with safranin and alcian blue and mounted under a coverslip in di-n-butyle phthalate in xylene (DPX). Slides were examined under a Leica DMLB light microscope fitted with a Zeiss Axiocam camera. LM images of the Transverse Section spurs were used primarily to examine the micromorphology and posture of any papillae present on the abaxial (internal) epidermis and to record the position and relative size of the vascular strands.
Specimens examined under the scanning electron microscope (SEM) were critical-point dried using an Autosamdri 815B. The spur was bisected longitudinally in order to study the epidermal cells of the abaxial (interior) surface. Spurs were mounted on stubs and sputter-coated with platinum using an Emitech K550. Coated specimens were then placed under a Hitachi S4700 FE-SEM cold-field emission SEM and images were recorded digitally. Where possible, the full length of the spur was examined and imaged under the SEM, recording any presumed nectar residues present and paying particular attention to the presence of striations and/or papillae on the internal epidermis. The average length of papillae was estimated from the micrographs, being measured outward from the planar surface of the underlying epidermal cell.
Data underpinning our scoring of the amount of nectar present in the spur and the spur length relative to the length of the labellum (both summarized on Fig. 2 ) varied considerably in rigour, from detailed, fully quantitative field measurements (e.g. Platanthera: Bateman & Sexton, 2008; Bateman et al., 2009) to tentative interpretations based on published images in the case of Neolindleya camtschatica Nevski (Efimov et al., 2009) and Gymnadenia frivaldii Hampe ex Griseb. . Both parameters were eventually summarized as three semi-quantitative categories: spur length as short (strictly, vestigial), medium and long, and nectar presence as absent, trace (typically a film covering the surface of the epidermis) and reservoir (a substantial body of liquid filling at least one third of the spur volume). SEM observations were also assigned to semi-quantitative categories. Papillae were scored as absent, short, medium and long, and development of striations as apparently absent, weak, moderate and strong. We recognize that, with the exception of the absence of nectar secretion, all of these categories are somewhat arbitrary.
Had we scored a larger percentage of species in subtribe Orchidinae, we would have selected a phylogenetic approach [either TIPS (each terminal taxon acting as an independent data point) or phylogenetically independent contrasts (PICs), e.g. Silvertown, Franco & Harper, 1997] in order to explore the relationship between nectar, papillae and striations. Instead, we used the more traditional c 2 -test.
RESULTS

SURFACE MORPHOLOGY
Characteristic views of interior surfaces of spurs, representing the majority of the 21 study species, are presented in Figures 3-7. Table 1 gives semiquantitative estimates of the quantity of nectar, spur length (both properties are also mapped in Fig. 2 ), cell striations and papilla size for each study species. It is the search for correlations between these spur parameters that lies at the heart of this study.
Each of the four possible combinations of striations and papillae was observed among the study species: species possessing both striations and papillae (e.g. Fig. 4I ), species possessing only striations (e.g. Fig. 3F ), species possessing only papillae (e.g. 
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and species lacking both striations and papillae (e.g. Fig. 6C ). Papillae are always unicellular (Fig. 8A, E ), but vary in length from long in Platanthera bifolia (L.) Rich. (Fig. 3I ) to short in Gymnadenia austriaca (Teppner & E.Klein) P.Delforge ( Fig. 3H) and especially G. odoratissima (L.) Rich. (Fig. 3L ).
We will consider in turn each of the four clades shown in Figure 2 and Table 1 .
Group A (Fig. 3 ) is taxonomically the broadest of the four clades, encompassing the full range of nectar secretion from none to large reservoirs. The first branching lineage, Pseudorchis (Fig. 3A-C) , produces small quantities of nectar in its modest-sized spur; it possesses subdued papillae and parallel striations that are indistinct at the tip of the spur but become more pronounced towards the entrance (cf. Fig. 3B vs. Fig. 3C ). Galearis spectabilis (L.) Raf. lacks nectar, despite its sizable spur, which also lacks papillae ( Fig. 3D-F) . The parallel striations are fine near the spur entrance but prominent and vermiform in the centres of cells closer to the apex, mimicking papillae (Fig. 3F ). Data for Neolindleya camtschatica are more equivocal (Efimov et al., 2009 ), but suggest a pattern similar to that of Galearis. The closely related species Platanthera bifolia (Fig. 3I ) and P. chlorantha Cust. ex. Rchb. have long tubular spurs that are rich in nectar and possess abundant long papillae but lack prominent striations.
The most intensively sampled clade, Group B (Figs 3, 4), included at least two species in each of the three nectar-secreting categories. Dactylorhiza fuchsii (Druce) Soó (Fig. 4G-I ) and D. sambucina L. Soó ( Fig. 4D-F ) have medium-length spurs that lack nectar and are both striate and papillate. The papillae are longer in D. fuchsii, whereas in D. sambucina they form the nucleus of the radiating striations. The three species of Gymnadenia s.s. all generate substantial reservoirs of nectar in medium-long spurs that possess no obvious striations (we were unable to be certain of this observation in G. frivaldii, as cell boundaries were difficult to discern: Fig. 4C ). However, these three species vary substantially in the degree of development of papillae, which are long (especially toward the spur apex) in G. conopsea (L.) R.Br. (Fig. 4A, B) , medium length in G. odoratissima (Fig. 3J-L) and apparently absent from G. frivaldii 376 A. K. BELL ET AL. . The two species that possess exceptionally short spurs (and so were formerly mistakenly assigned to different genera from those containing their closest relatives: Bateman et al., 2003) are consequently capable of generating only modest amounts of nectar ( (Fig. 5E vs. Fig. 5F ). Anacamptis morio (L.) R.M.Bateman, Pridgeon & M.W.Chase and A. pyramidalis (L.) Rich. have nectarless spurs, that of the lepidopteran-pollinated A. pyramidalis being substantially longer and narrower. Spurs of A. pyramidalis lack papillae and exhibit moderately developed parallel striations (Fig. 5A, B) , whereas A. morio possesses indistinct papillae that cause the striations on each cell to be radial rather than parallel (Fig. 5G, H) .
All five study species of Orchis s.s. that constitute Group D are characterized by nectarless, mediumlength spurs (Table 1, Fig. 6 ). The two members of Orchis L. subgenus Orchis, O. punctulata Steven ex Lindl. (Fig. 6A, B) and O. militaris L. (Fig. 6C) , lack papillae and their exceptionally fine striations are visible only at high magnifications. The three study species of subgenus Masculae H.Kretzschmar, Eccarius, H.Dietr. exhibit moderately to welldeveloped and mostly parallel striations (Fig. 6D-H) , which are vermiform in the case of O. provincialis Balb. (Fig. 6E) . In O. spitzelii Saut. ex W.D.J.Koch they are parallel and linear close to the spur entrance but radiate from the papillae toward the spur apex (Fig. 6F vs. Fig. 6G ). Orchis provincialis (Fig. 6D, E) and O. anatolica Boiss. (Fig. 6H) appear to lack papillae, although the epidermal cells of the latter are slightly protuberant (Fig. 6H) . Orchis spitzelii has medium-length papillae close to the spur apex, which diminish in size until they become indiscernible close to the spur entrance (Fig. 6F vs. Fig. 6G ).
SEM observations of some nectariferous species were made more difficult by the presence of nectar residues. They occur as randomly distributed particles in species with both large reservoirs (e.g. Platanthera chlorantha) and smaller traces (e.g. Dactylorhiza viridis, Fig. 4J , and Anacamptis coriophora, Fig. 5F ) or more rarely as much larger accretions located toward the apex of the spur (e.g. Gymnadenia frivaldii: Fig. 4C ). , where other strands are also present. F, primary vascular strand (arrowed) on either side of cleared spur. G, cleared labellum with spur opened out (the region below the thick arrow is the opened spur, the region above the arrow is the main part of the labellum); spur vasculature is relatively thin and several strands appear to enter the spur from the circumference of its entrance. Scale bars, 100 mm.
Chi-square analyses with one degree of freedom (Table 2) show that the 21 species together exhibit all possible combinations of nectar/no nectar vs. both striations/no striations (strictly, striations moderatestrong vs. striations weak-absent) and papillae/no papillae; in other words, there is no fixed and unbreakable relationship between nectar production and the scored micromorphological characters. Nonetheless, statistically significant correlations are evident. There is a strong positive relationship between the presence of nectar and the presence of papillae (c 2 = 5.55, P = 0.02), whereas the converse is true of striations; they occur far more frequently in deceitful species, approaching but not reaching a statistically significant negative correlation (c 2 = 2.31, P = 0.12). In contrast, there is no significant correlation, either positive or negative, between the occurrence of striations and papillae [c 2 = 0.04, P = 0.84 (i.e. >> 0.05)].
ANATOMY AND VASCULATURE
Transverse sections of 15 of the 21 species scored here are shown in Figure 7 (LM data are only available for Pseudorchis in Group A). The passage of the primary vein through cleared specimens of Dactylorhiza fuchsii, Gymnadenia conopsea and Platanthera bifolia is illustrated in Figure 8 , supported by SEM images of wall structure in Figure 9 . The single primary vein is manifested as two parallel strands that are opposed and in most species define a bilateral plane perpendicular to the dorsiventral plane. In some species, secondary veins are present (Fig. 8A, B) , although it is not always clear whether these are branches of the primary spur vein or pass into the spur at the entrance; both conditions are often present (Fig. 8B, G) . In almost all species, the spur wall is substantially thicker in the immediate vicinity of the two strands of the primary vein, forming two opposite ridges that appear to protrude either inward (e.g. Fig. 7N ), outward (e.g. Figs 7I , 9A) or even both (e.g. Fig 7M) . The number and size of the secondary veins relative to the primary vein differs considerably among species. In Gymnadenia conopsea, the primary vein is difficult to distinguish from the secondary veins (it does not form ridges) and there are approximately six secondary veins (Figs 7B, 8D, G) .
Gymnadenia conopsea also appears to be the most distinct species with respect to thickness and anatomy of the spur wall (Fig. 7B) Although the occurrences of papillae and striations both reveal considerable levels of homoplasy, both appear to be under some phylogenetic influence. Most notably, species pairs from each of the four clades have similar micromorphologies and degrees of nectar secretion: Platanthera bifolia and P. chlorantha , Gymnadenia conopsea and G. odoratissima , Anacamptis coriophora and A. fragrans (Bateman et al., 2003; Kretzschmar, Eccarius & Dietrich, 2007) and Orchis punctulata and O. militaris (Kretzschmar et al., 2007; Bateman, Smith & Fay, 2008) .
Although all correlations among the occurrence of nectar, papillae and striations are imperfect (Table 2) , the positive correlation between nectar and papillae is strong and the negative correlation between nectar and striations, although weaker, is intriguing. The closest that one can achieve to an absolute correlation statement is to note that, of the five study species that generate substantial quantities of nectar, only one has pronounced striations and four have comparatively high densities of medium-long papillae, averaging 50-80 mm in length (Table 1) . Moreover, data are equivocal for the single exception, Gymnadenia frivaldii, which appears to maintain a reservoir but to lack papillae (cf. . The most obvious inference gained from the accumulated data is that papillae facilitate the secretion of nectar by increasing the surface area of the interior of the spur. However, this hypothesis would suggest that species producing only modest amounts of nectar (i.e. categorized as 'trace' in Table 1 ) should also have prominent papillae, whereas in fact only a minority of the study species are so well endowed. A better explanation may be rooted in the observations of Stpiczynska (2003a, b) that the spurs of the nectar-rich species Platanthera chlorantha reabsorb nectar, prioritizing the dominant sugar (sucrose). Significantly, reabsorption is achieved rapidly and is conducted primarily by the interior epidermis; we suspect that the long papillae would be particularly advantageous to this process by greatly increasing the surface area of the spur interior. However, we are surprised that the length and density of papillae do not appear to be influenced by proximity to the primary vein ( Figs 8A, B, 9A, B) .
Estimates of the cost of nectar production by monocot flowers, measured in terms of the proportion of the total energy content of the flower, range from 3% for Pontederia cordata L. (Harder & Barrett, 1995) to 37% in Blandfordia nobilis Sm. (Pyke, 1991) ; estimates for most other species are closer to the higher figure. Given the large amounts of nectar generated by 'reservoir' orchids such as Platanthera chlorantha and Gymnadenia conopsea, reabsorption of sugars from the copious nectar would represent a substantial energy saving.
However, there is a cautionary lesson to be learned from three study species that are nectarless but produce medium-large papillae: two from clade B (Dactylorhiza fuchsii and D. sambucina) and one from clade D (Orchis spitzelii). One might argue that these species evolved relatively recently from nectariferous ancestors and have not yet lost their redundant papillae, but this hypothesis is not supported by their phylogenetic context; they occupy relatively long terminal branches and are nested among non-rewarding species (Fig. 1) . Alternatively, they could conceivably function as osmophores (e.g. Vogel, 1990) , fulfilling the key function of providing the olfactory cue that first attracts the insects. However, osmophores are typically presented on the exterior of the labellum (e.g. Dafni, 1987; Paulus, 2006; , facilitating dispersal of the attractant chemicals; in addition, these are more likely to be detected by the antennae of the insect than by its proboscis.
Although it is unlikely that scent production is the function of the papillae in the spur, the answer could still lie in the nature of the interactions between deceitful orchids and their pollinators. Allogamous orchids that provide their pollinators with a nectar reward set on average twice as many capsules as orchids that operate by deceit, although food deceit appears to be somewhat more efficient than sexual deceit (Neiland & Wilcock, 1998; Scopece et al., 2007) . Nonetheless, it has been demonstrated that, even in the absence of nectar, the presence of a spur significantly increases the probability of a flower being pollinated, whether orchidaceous or non-orchidaceous (cf. Bell, 1986; Nilsson, 1988; Hodges & Arnold, 1995) . While accepting these generalized observations, it is self-evident that orchid species attracting pollinating insects by food deceit require the insect in question to probe the spur for as long and in the same manner as it would if it were provided with a nectar reward. We therefore hypothesize that, when a potential pollinating insect encounters the papillate texture, a texture that the insect associates with a genuine reward in a nectariferous orchid species, this encourages the insect to anticipate a similar reward in species possessing morphologically similar but deceitful flowers. In other words, the papillae could play a significant role in perpetrating the deceit, having been partially co-opted for this purpose from their most likely previous role of nectar reabsorption. We are encouraged in this view by the fact that both papillae and striations appear to be absent from Neolindleya camtschatica (Efimov et al., 2009) , the one species that we were able to score (albeit tentatively) that is autogamous and so does not require pollinator visitations. However, we recognize that adequate testing of this hypothesis will require SEM study of all widely accepted species of subtribe Orchidinae.
Striations characterize the interior surface of the majority of our study species, although they vary greatly in prominence and detailed morphology (radial straight, linear straight, . Having carefully considered the potential functional morphology of the striations, we are increasingly inclined to view them as spandrels (sensu Gould & Lewontin, 1979) ; that is, features that are of no direct functional significance but that are instead the inevitable consequence of functional constraints on other developmentally (and thus evolutionarily) connected features. We hypothesize that the negative correlation between the prominence of the striations and the amount of nectar secreted by the spur (Table 2) reflects variation in the thickness of the water-retentive cuticle that lines the interior of the spur. Thicker cuticles permit deeper striations, but secretion (and reabsorption) of nectar is most likely facilitated by thinner cuticles. Transmission electron microscopy of the cuticle is necessary to explore this theory further.
INFERRING ONTOGENY
Basing our study largely on spirit-preserved mature spurs inevitably yielded a relatively static view of the micromorphology of the spur, confining our observations to developmental snapshots approximating anthesis. Nonetheless, our studies of cleared specimens of Platanthera bifolia (Group A), Gymnadenia conopsea and Dactylorhiza fuchsii (Group B) provided some insights into spur development. The labellar spur is perhaps best envisaged as the product of a fist pushed into a sheet of latex, resulting in the deep invagination near the base of the labellum and the 'U' shape of the primary vein, which passes without interruption through the spur apex (Fig. 8C, D) . Present data are insufficient to determine the relative contributions of cell division and cell elongation to spur expansion. The junction of the spur with the remainder of the labellum of G. conopsea is shown in Figure 8F . The two strands of the main vein are pinched inwards at the junction. When traced distally into the labellum they branch repeatedly. When traced distally toward the spur apex the strands appear to stretch and narrow, giving the impression that considerable elongation has occurred. Elongation could be associated with the formation of subsidiary traces, bridges and anastomoses, as occurs during the development of vasculature in other parts of the plant such as the node and the leaf (e.g. Nelson & Dengler, 1997) . Detailed ontogenetic study is required to test this hypothesis.
This observation is consistent with recent studies of floral ontogeny of the two Platanthera species from Group A (Bateman & Sexton, 2008; Bateman et al., 2009 ) and five species from Group B (Box et al. 2008) (arrowed in Fig. 2A, B) , which demonstrated that spur initiation and expansion occur late in floral ontogeny and that significant spur elongation occurs after anthesis and even after pollination (Bateman & Sexton, 2008) . Clearly, it would be informative to monitor in detail spurs throughout their ontogeny, paying particular attention to micromorphological features and, ultimately, to produce a testable model of spur development. This would in turn provide a stronger basis for testing previous assertions that heterotopy and heterochrony have played important roles in the evolution of orchid flowers (e.g. Rudall & Bateman, 2002 Box et al., 2008) .
CONCLUSIONS AND FUTURE RESEARCH
The most obvious approach to further exploring the correlations inferred between abaxial epidermal striations, papillae and commitment to the energy-sapping nectar secretion (and energy-saving reabsorption) MICROMORPHOLOGY OF ORCHID SPURS 383 would be to increase the number of taxa sampled by examining and scoring a wider range of orchid species, both within and beyond Orchidinae. Such a survey is now underway and was previewed by Mathews, Schiestl & Cozzolino (2008) . However, we suspect that the observed correlations between nectar secretion and spur micromorphology are unlikely to be strengthened by larger-scale surveys; the main benefit will be to identify a larger number of specific case studies for subsequent examination in greater detail.
Both natural and artificial hybrids between species with contrasting spur properties could provide much useful information about both the heritability and functionality of the characters that we have studied. Most closely related species within genera show similar properties (Table 1) and are thus unhelpful, but natural hybrids also occur between more disparate taxa within our study clades (Bateman et al., 2003; Bateman, 2009b) . These are most notable within Group B, within which hybrids have been reported between many of the potential pairwise combinations of our study species. The most frequently encountered, and possibly the most informative, hybrids occur between nectarless but striated Dactylorhiza fuchsii and highly nectariferous but non-striated Gymnadenia conopsea (Farrington & Bateman, 1989) . As well as belying the supposed pollinator specificity of these two species (bees in Dactylorhiza, lepidopterans in Gymnadenia, e.g. van der Cingel, 1995), such hybrids could yield valuable information on heritability patterns in spur micromorphology and in nectar secretion and reabsorption (although it is unfortunate that both species are strongly papillate, thereby reducing the chances of inferring the heritability of this character).
Transmission electron micrographs are needed to explore relative cuticle thickness in nectariferous and non-nectariferous species, in order to test our hypothesis that the prominence of striations on the interior surface of the spur is negatively correlated with cuticle thickness, which is in turn influenced by the need to facilitate secretion (and reabsorption) of nectar. For the nectariferous species, comparative TEM studies should also reveal any correlation between micromorphological development and the precise locations of the secretion and reabsorption of nectar and thus to gain a more dynamic perspective on the relationship between morphology and function in our study species (this goal has already been achieved for Platanthera chlorantha by Stpiczynska (2003a, b) . Research is also underway to identify and study the genes responsible for spur development in Groups B and D (M. Box, P. Rudall, R. Bateman & B. Glover, unpubl. data; cf. Golz et al., 2002) . Dissecting the developmental-genetic components of spur ontogeny is necessary to understand how dramatic shifts in spur macro-and micromorphology may contribute to speciation in orchids and other spurbearing angiosperm groups.
More detailed studies of pollinator behaviour, perhaps assisted by nanotechnology, could test our hypothesis that the presence of papillae within spurs can encourage pollinator interest in food-deceitful flowers. The depth of penetration, period of residence and movement of the proboscis within the spur could in theory be monitored. Nonetheless, it would be especially useful to increase the number of autogamous or apomictic species studied, as they constitute a null hypothesis, all features adapted to attract pollinators having become redundant.
More broadly, we hope that more integrated research programmes will provide a deeper level of understanding of how structure and function constrain the evolution of the orchid spur (cf. Rudall & Bateman, 2002; Box et al., 2008) , and temper some of the more exaggerated claims of precision of adaptation that have emerged from the discipline of pollination ecology (see also Devey et al., 2008; Bateman et al., 2009) . One popular generalization states that rewarding orchids set higher percentages of capsules than food-deceitful orchids, which in turn set more fruit than sexually deceitful orchids (e.g. Neiland & Wilcock, 1998) . This may be true, but each of these three reproductive categories has proved capable of generating groups that are rich in species that are widespread and locally common. As noted by Darwin (1877) , every orchid capsule contains an impressive number of seeds, suggesting that percentage fruit set is unlikely to be the most critical factor limiting the evolutionary and ecological success of orchids. Moreover, fruit set reliably exceeds 90% in autogamous or apomictic species, including Neolindleya camtschatica (Efimov et al., 2009 ), yet they have achieved no greater ecological success than their allogamous counterparts.
